In incorporating the effect of atmospheric turbulence in the broadening of spectral lines, the so-called radial-tangential macroturbulence (RTM) model has been widely used in the field of solar-type stars, which was devised from an intuitive appearance of granular velocity field of the Sun. Since this model assumes that turbulent motions are restricted to only radial and tangential directions, it has a special broadening function with notably narrow width due to the projection effect, the validity of which has not yet been confirmed in practice. With an aim to check whether this RTM model adequately represents the actual solar photospheric velocity field, we carried out an extensive study on the non-thermal velocity dispersion along the line-of-sight (V los ) by analyzing spectral lines at various points of the solar disk based on locallyaveraged as well as high spatial-resolution spectra, and found the following results. First, the center-to-limb run of V los derived from ground-based low-resolution spectra is simply monotonic with a slightly increasing tendency, which contradicts the specific trend (an appreciable peak at θ ∼ 45
Introduction
The Doppler effect of atmospheric turbulence on the broadening of spectral lines plays a significant role in stellar spectroscopy. For example, in spectroscopic determination of projected rotational velocities (v e sin i) of solartype (FGK-type) stars, it is crucial to properly eliminate the line-broadening component of turbulence origin, because it is comparable to (or predominant over) the rotational broadening in such generally slow rotators decelerated due to the magnetic braking mechanism.
To make the problem easy and tractable, a very rough approximation has been adopted in traditional stellar spectroscopy, where turbulence in stellar atmospheres is divided into "micro"-turbulence and "macro"-turbulence and separately treated, where the former (microscopic scale) is included in the Doppler with of the line-opacity profile (like thermal velocity) while the latter (macroscopic scale) acts as a global velocity distribution func- * Based on data collected by the Domeless Solar Telescope at Hida Observatory (Kyoto University, Japan) and those obtained by the Solar Optical Telescope on board the Hinode satellite.
tion (like rotational broadening function) to be convolved with the intrinsic profile. Given that the extent of the latter ( > ∼ 2 km s −1 ) is known to be comparatively larger and more important than the former ( < ∼ 1 km s −1 ) in solar-type dwarfs, the latter "macroturbulence" is the main issue in this context.
Regarding the velocity distribution function of macroturbulence, the so-called "radial-tangential macroturbulence" (hereinafter abbreviated as RTM) model has been widely used so far, which was introduced by Gray (1975) for the first time for analyzing the line-profiles of latetype stars. That is, the appearance of solar granular velocity field (consisting of convective cells moving upward/downward and horizontal motions between the rising/falling cells) inspired Gray (1975) to postulate that the velocity vectors are directionally restricted to being either along stellar radius or tangential to the surface while the speed of gas motion in each direction follows the random Gaussian distribution with a dispersion parameter ζ RT . Since then, along with the efficient Fourier transform technique (e.g., Smith & Gray 1976 ), Gray and his coinvestigators have extensively applied this RTM model to [Vol. , line-profile analyses of F-, G-, and K-type stars in various evolutionary stages (e.g., to determine v e sin i by separating ζ RT ; see, Gray 1988 Gray , 2005 for more details regarding the technical descriptions and accomplished results in this field).
However, we feel some concern regarding the applicability of RTM to the case of solar-type dwarfs. Namely, according to Gray (1984; cf. section V therein) , the value of ζ RT (∼ 4 km s −1 ) derived from the flux spectrum of the Sun-as-a-star based on RTM is appreciably larger than the non-thermal dispersion or typical granular velocities (∼2-3 km m −1 ) directly estimated from spectroscopic observations of the resolved-disk Sun. What is the cause of this difference?
In order to clarify this situation, we refer to the work of Takeda (1995b;  hereinafter referred to as Paper I). In paper I, an extensive profile-fitting analysis was carried out for many (∼ 300) blend-free lines of various strengths in the solar flux spectrum by using RTM model with an aim to investigate the relation between ζ RT and the meanformation depth (log τ ), 1 and the following results were derived (cf. figure 2 in Paper I): -ζ RT progressively increases with depth from ∼ 2.3 km s −1 (at log τ ∼ −2) to ∼ 3.8 km s −1 (at log τ ∼ −0.5).
-While this depth-dependence of ζ RT is qualitatively consistent as compared to the tendency of solar photospheric non-thermal velocity dispersion (V rad , V tan ; see, e.g., figures 1-3 in Gurtovenko 1975c or figure 1 in Canfield & Beckers 1976) , the former is systematically higher by ∼ 1 km s −1 for unknown reason, 2 which again confirmed that ζ RT tends to be larger than the directly estimated velocity dispersion.
It is worth noting here that previous determinations of non-thermal velocity dispersion mentioned above were done under the assumption of anisotropic Gaussian distribution (cf.
equation (4) in subsection 2.3; i.e., near-random distribution of velocity vectors), which is markedly different from the basic assumption of RTM. As a trial, we repeated the same analysis as done in Paper I (with a fixed v e sin i of 1.9 km s −1 ) but with the classical Gaussian macroturbulence (hereinafter referred to as GM) expressed by one dispersion parameter η instead of RTM. The resulting η values are plotted against log τ in figure 1a , where the ζ RT vs. log τ relation is also shown for comparison. It is manifest from this figure that η is systematically smaller than ζ RT (the difference amounting to a factor of ∼ 2) and more consistent with the literature results of V rad or V tan .
1
As described in subsection 5.1 of Paper I, the mean formation depth in the solar flux spectrum (log τ ) is defined as log τ ≡ R 0 λ log τ 5000 (τ λ = 2/3)dλ/ R 0 λ dλ, where R 0 λ is the line depth of the intrinsic profile expressed as R 0 λ ≡ 1. − F 0 λ /F 0 cont . Note that the notation log τ is used for the line-forming depth in the flux spectrum as in Paper I, while that for the intensity spectrum is denoted as log τ in this paper [cf. equation (9) ].
2
Although it was speculated in Paper I that the limb effect might cause some extra broadening of line width in the disk-integrated flux spectrum, such an effect (even if any exists) is quantitatively too small to account for this excess.
This ζ RT vs. η discrepancy is reasonably interpreted as due to the difference between the characteristic widths of these two broadening functions. In order to demonstrate this point, the broadening functions for RTM (M 1 ) and GM (M 2 ) are graphically displayed in figures 1b and 1c, respectively. Focusing on the zero-rotation case (v e sin i = 0), we see that the half-width at half maximum (HWHM) for M 1 is HWHM 1 = 0.36ζ RT while that for M 2 is HWHM 2 = 0.83η, which yields ζ RT /η ∼ 2.3(≃ 0.83/0.36) by equating these two widths as HWHM 1 = HWHM 2 . That is, since the width of RTM is narrower than that of GM (see also Fig. 17.5 of Gray 2005) , the inequality of ζ RT > η generally holds regarding the solutions of ζ RT and η required to reproduce the observed line width. This should be the reason why ζ RT is larger than η by a factor of ∼ 2.
Given that resulting solutions of macroturbulence are so significantly dependent upon the choice of broadening function, it is necessary to seriously consider which model represents the actual velocity field more adequately. Especially, we wonder whether RTM is ever based on a reasonable assumption, because its broadening width is appreciably narrower than the extent of turbulent velocity dispersion, which stems from the extraordinary twodirection-confined characteristics (i.e., due to the projection effect; cf. figure 2). Since the peculiarity of RTM lies in its specific angle-dependence, we would be able to give an answer to this question by studying the solar photospheric velocity dispersion at various points on the disk (i.e., from different view angles).
According to this motivation, we decided to challenge the task of verifying the validity of RTM by using the Sun as a testbench. Our approach is simple and straightforward in the sense that we carefully examine the widths of spectral lines from the disk center to the limb by making use of the profile-fitting technique (as adopted in Paper I), by which the widths of local broadening function can be efficiently determined while eliminating the effects of intrinsic and instrumental profiles. Regarding the observational data, we employed two data sets of local intensity spectra taken at a number of points on the solar disk: (i) spatially averaged spectra (over ∼ 50 ′′ ) to test whether the centerto-limb variation of the macrobroadening width predicted by RTM is observed, and (ii) spectra of fine spatial resolution (with sampling step of ∼ 0.
′′ 1-0. ′′ 3) to examine the validity of the fundamental assumption on which RTM stands.
The remainder of this article is organized as follows: We first explain the definitions of RTM and GM models in section 2, which forms the fundamental basis for the following sections. Section 3 describes our method of analysis using the profile-fitting technique. In section 4, the behavior of velocity dispersion along the line-of-sight is investigated based on the low-resolution ground-based data and compared with the prediction from RTM. The analysis of high-resolution data from space observation is presented in section 5, where statistical properties of local velocity dispersion and radial velocity are discussed. The conclusions are summarized in section 6. In addition, three spe-cial appendices are provided, where the influence of the choice of microturbulence is checked (appendix 1), solar depth-dependent non-thermal velocity dispersions are derived to compare with the literature results (appendix 2), and the behavior of macroturbulence in solar-type stars is discussed (appendix 3).
Definition of macroturbulence broadening function
In this section, we briefly describe the basic definitions of representative macroturbulence broadening functions, which form the basis for the contents in later sections.
Line-profile modeling with macroturbulence
In the approximation that the intrinsic specific intensity going to a direction angle θ [I 0 (v, θ) ] is broadened by the local macroturbulence function [Θ(v,θ) ], the emergent intensity profile [I(v, θ) ] is expressed as
where ⊗ means "convolution." Similarly, when the intrinsic stellar flux [F 0 (v) ] is broadened by the integrated macroscopic line-broadening function [M (v) ] (including the combined effects of macroturbulence and rotation), we may write the finally resulting flux profile [F (v)] as
where an implicit assumption is made that the continuumnormalized profile of F 0 does not vary over the stellar disk. Generally, M (v) is derived by integrating Θ(v, θ) over the disk, while appropriately Doppler-shifting (with the assumed v e sin i) as well as multiplying by the limbdarkening factor (see Gray 1988 or Gray 2005 for more details).
Radial-tangential macroturbulence
Regarding the widely used radial-tangential macroturbulence (RTM) model (Gray 1975) 
though A R = A T and ζ R = ζ T (= ζ RT ) are usually assumed to represent the macroturbulence by only one parameter (ζ RT ). It should be remarked that this is essentially a two-component model, in the sense that fraction A R and fraction A T of the stellar surface are covered with region R and region T (respectively) and that intrinsic intensity spectrum in each region is broadened by only either (i.e., not both) of the radial or tangential turbulent flow (cf. figure 2 for a schematic description of this model). In practice, direct application of Θ 1 to solar intensity spectrum is difficult, since it has an unusual profile especially near to the disk center (sinθ ∼ 0) or to the limb (cosθ ∼ 0). That is, as the broadening function is defined by the sum of a Gaussian profile (with a reasonable width) and a δ-function-like profile (with very narrow width and very high peak), its width at half-maximum does not represent the real velocity dispersion any more (cf. figure 3a and figure 3a'). Accordingly, this model is used primarily in stellar application after the integration over the disk has been completed. Figure 1b shows the profiles of the disk-integrated macrobroadening function for this model M 1 (v;ζ RT ,v e sini), which were computed for various values of v e sin i/ζ RT ratio by following the procedure described in Gray (1988) (with the assumption of rigid rotation and limb-darkening coefficient of ǫ = 0.6).
Anisotropic Gaussian macroturbulence
Alternatively, we can consider a Gaussian macroturbulence with an anisotropic character with respect to the radial and tangential direction. This is the case where the intrinsic intensity spectrum is broadened by gas of nearrandom motions (in terms of both speed and direction) following the Gaussian velocity distribution of ellipsoidal anisotropy (with dispersions of η R and η T in the radial and tangential direction, respectively). Then, the local broadening function is expressed by the convolution of two Gaussians as
Actually, this is the traditional turbulence model which was used by solar physicists in 1960s-1970s to derive the radial and tangential components of non-thermal velocity dispersions (cf. section 1). In the special case of η R = η T (= η), equation (4) reduces to the simple isotropic Gaussian function
By integration of Θ 2 (v) over the disk, the integrated macrobroadening function M 2 (v; η, v e sin i) can be obtained. Figure 1c display the profiles of M 2 (v; η, v e sin i) for different v e sin i/η ratios, which were numerically computed in the same manner as in M 1 (though M 2 in this case of angle-independent Θ 2 can be expressed by a simple convolution of rotational broadening function and Gaussian function).
Profile fitting for parameter determination
Regarding the profile-fitting analysis (to be described in the following two sections), almost the same procedure as in Paper I was adopted, except that (i) specific intensity (I) emergent with angle θ corresponding to each observed point is relevant here (instead of angle-integrated flux) and (ii) Gaussian line-broadening function parameterized by V los (velocity dispersion along the line of sight) was used for the kernel function:
That is, the intensity profile I(v, θ) emergent to direction angle θ is expressed as
where P (v) is the instrumental profile. I 0 (v, θ) is the intrinsic profile of outgoing specific intensity at the surface, which is written by the formal solution of radiative transfer as
where S λ is the source function and t λ ts the optical depth in the vertical direction. Regarding the calculation of I 0 , we adopted Kurucz's (1993) ATLAS9 solar photospheric model with a microturbulent velocity of ξ = 0.5 km s −1 (see appendix 1 regarding the effect of changing this parameter) while assuming LTE.
Following Paper I, we adopted the algorithm described in Takeda (1995a) to search for the best-fit theoretical profile, where the following three parameters were varied for this purpose: log ǫ (elemental abundance), V los (lineof-sight velocity dispersion), and ∆λ r (wavelength shift) [which is equivalent to the radial velocity v r (≡ c∆λ r /λ; c: velocity of light)].
After the solutions of these parameters have been converged, we computed the mean depth of line formation ( log τ ) defined as follows:
where τ 5000 is the continuum optical depth at 5000Å, R 0 λ is the line depth of theoretical intrinsic profile (corresponding to the resulting solution of log ǫ) with respect to the continuum level (R We are now ready to test the validity of RTM based on actual spectra at various points of the solar disk. As RTM is a two-component model, which is meaningful only in the combination of radial-and tangential-flow parts, the observed spectra to be compared must be locally averaged over a sufficient number of granular cells.
Since Θ 1 (v, θ) has an extraordinary form (cf. subsection 2.2) and can not be directly incorporated in the analysis scheme described in section 3, we proceed with the 3 Note that equation (9) (see also footnote 1 for the flux case) is one of the various possibilities of defining line-forming depth. Actually, photons of a given wavelength in a profile naturally emerge (not from a certain depth but) from a wide region according to the contribution function, for which several definitions are proposed (see, e.g., Magain 1986) . Besides, there is no appointed procedure regarding how to represent the mean-formation depth of a line "as a whole" from the different forming depths for each of the wavelength points within a profile. See, e.g., Gurtovenko and Sheminova (1997) for a review on the formation region of spectral lines. At any rate, the difference between our adopted definition and other ones is not so significant in the practical sense (cf. subsection 2.3 of Takeda 1992).
following strategy: -Let us first assume that the RTM model exactly holds, which is characterized by two parameters (ζ R and ζ T ; while A R = A T is assumed). -Then, the emergent intensity profile can be simulated by convolving the intrinsic profile R 0 (v, θ) with the RTM broadening function Θ 1 (v, θ; ζ R , ζ T ) as R 0 ⊗ Θ 1 . -Let us consider here how much V los value would be obtained if this RTM-broadened profile is analyzed by the Gaussian-based procedure described in section 3. This can be reasonably done by equating the HWHM (half-width at half-maximum) of
, by which we can express V los as a function of θ for any combination of (ζ R , ζ T ).
-Regarding the intrinsic profile R 0 , we adopted a Gaussian profile with e-folding half-width of 1.5 km s −1 (typical value for the thermal motion of Fe atom plus microturbulence in the solar photosphere).
As examples, we display in figure 3 the profiles of Θ 1 and R 0 ⊗ Θ 1 computed for two cases (ζ R = ζ T = 2 and 4 km s −1 ) at various angles (θ). The resulting V los vs. θ relations for various combinations of (ζ R , ζ T ) are depicted (in solid lines) in figure 4, where the curves for the (anisotropic) Gaussian macroturbulence (GM) case are also shown (in dashed lines
2 holds in this GM case according to equation (4)].
Several notable points are summarized below regarding the trends read from figure 4: -V los (GM) is almost the same order as ∼ η, and thus its dependence upon θ is nearly flat or monotonic.
-On the contrary, V los (RTM) is significantly smaller than ζ [and V los (GM)] especially near to the disk center and near to the limb, resulting in a peak of V los (RTM) around θ ∼ 45
• . -This is due to the very characteristics of Θ 1 ; i.e., its width tends to be considerably narrow without reflecting the turbulence dispersion (especially around θ ∼ 0
• and θ ∼ 90
• ) as clearly seen in figures 3a and 3a'. -Besides, why the inequality relation V los < ζ holds can also be understood from figure 2 (for the θ ∼ 0
• case). -Another important point is that this anomaly becomes particularly manifest when ζ outweighs v th (1.5 km s −1 ), while less pronounced if ζ is comparable or smaller than v th . We will make use of these characteristics to check the RTM model in subsection 4.4.
Observational data of Hida/DST
The ground-based observations were carried out on 2015 November 3-5 (JST) by using the 60 cm Domeless Solar Telescope (DST) with the Horizontal Spectrograph at Hida Observatory of Kyoto University (Nakai & Hattori 1985) . The aspect angles of the solar rotation axis (P : position angle between the geographic north pole and the solar rotational north pole; B 0 : heliographic latitude of the central point of the solar disk) in this period were P = +24
• and B 0 = +4.
• 1. Regarding the target positions on the solar disk, we selected 32 points on the northern meridian line of the solar disk (from the disk center to 0.97 R 0 with a step of 30 ′′ ≃ 0.03 R 0 , where R 0 is the apparent radius of the solar disk) as depicted in figure 5a, at which the slit was aligned in the E-W direction. Since the disk center and the nearest-limb point correspond to cos θ = 1 and cos θ = 0.24 (≡ √ 1 − 0.97 2 ) in this arrangement (θ is the emergent angle of the ray measured with respect to the normal to the surface), the angle range of 0
• is covered by our data. In the adopted setting of the spectrograph, our observation produced a solar spectrum covering of 153 ′′ (spatial) and 24Å (wavelength) on the CCD detector with 1 × 2 binning (1600 pixels in the dispersion direction and 600 pixels in the spatial direction). We repeated the whole set (consecutive observations on 32 points along the center-tolimb meridian) 30 times while changing the central wavelength, and finally obtained the spectra in the wavelength regions of 5190-5450Å, 5650-5690Å, 5830-5870Å, and 6050-6310Å (about ∼ 600Å in total). Although most of our observations were done in quiet regions on the solar disk, active regions may have affected in some of our data, since a notable spot passed through the meridian on November 4.
The data reduction was done by following the standard procedures (dark subtraction, spectrum extraction, wavelength calibration, 4 and continuum normalization). The 1D spectrum was extracted by integrating over 200 pixels (= 51 ′′ ; i.e., ±100 pixels centered on the target point) along the spatial direction. Given that typical granule size is on the order of ∼ 1 ′′ , our spectrum corresponds to the spatial mean of each region including several tens of granular cells, by which the condition necessary for testing the RTM model is reasonably satisfied (cf. 1st paragraph of subsection 4.1). Finally, the effect of scattered light was corrected by following the procedure described in subsection 2.3 of Takeda and UeNo (2014) , where the adopted value of α (scattered-light fraction) was 0.10 (λ < 5500Å) and 0.15 ((λ > 5500Å) according to our estimation. Given that the main scope of this study is to measure the "widths" of spectral lines, this scattered-light correction does not have any essential influence, since it is a simple multiplication of a factor to the line-depth profile (i.e., its similarity is unaffected) as shown in equations (1) and (2) of Takeda and UeNo (2014) .
The S/N ratio of the resulting spectrum (directly measured from statistical fluctuation in the narrow range of line-free continuum) turned out to be sufficiently high (typically ∼ 500-1000). The e-folding half width of the instrumental profile (assumed to be Gaussian as ∝ exp(v/v ip ) 2 in this study) was determined to be v ip ≃ 1.3 km s −1 by using the lamp + I 2 gas cell spectrum (cf. section 2 in Takeda & Ueno 2012 for details), which corresponds to FWHM (= 2 √ ln 2 v ip ) ≃ 2.2 km s −1 and the spectrum resolving power of ∼ 140000(≃ c/FWHM) (c: velocity of light). Note that this v ip of ∼ 1.3 km s −1 is nearly the same order of the combined thermal+microturbulent velocity (e.g., ∼ 1.5 km s −1 for the case of Fe atoms) and comparatively smaller than the typical non-thermal velocity dispersion (∼ 2-3 km s −1 ; cf. appendix 2).
Spectrum fitting and parameter determination
Based on the same line list as used in Paper I [originally taken from Meylan et al. (1993) ], we selected a total of 86 lines corresponding to the wavelength ranges available in our data. The basic data of these 86 lines (mostly Fe lines) are given in We then applied the fitting technique described in section 3 to these lines. Quite a satisfactory convergence was successfully attained for most cases (∼ 95%) of the total 2752 (= 32 points × 86 lines) trials, though solutions sometimes failed to converge or settled at a poor fitting.
As a demonstration, in figure 6 are compared the bestfit theoretical profiles with the observed profiles for three representative Fe i lines (weak, medium strength, strong) at three points (disk center, intermediate angle of θ = 45
• , near to the limb) on the disk. Besides, the resulting values of V los , log τ , and w i λ for these three lines at each point on the disk are plotted against θ in figure 7, where we can see that all these three parameters tend to increase with an increase of θ and that stronger lines form at shallower layers.
We note in figure 7a that V los shows appreciable fluctuations. Actually, the solutions (especially of V los ) appear to be rather sensitive to the local conditions as shown in figure 8, where the statistical distributions of V los and v r derived from a test analysis applied to 200 disk-center spectra corresponding to each pixel (before spatially averaging) are shown.
Implication from the V los vs. θ relation
The resulting V los solutions are plotted against θ in figure 9a (class-1 lines), figure 9b (class-2 lines), figure 9c (class-3 lines), and figure 9d (all lines). As seen from the curve of growth depicted in figure 9e, each class corresponds to weak unsaturated (class-1), moderately saturated (class-2), and strongly saturated lines (class-3), respectively. Among these three classes, the results derived from class-3 lines (W f λ ≥ 100 mÅ) had better be viewed with some caution, because of a different sensitivity to a choice of microturbulence (cf. appendix 1). We can see from figures 9a-c that the center-to-limb variation of V los is characterized by a monotonic/gradual increase from
The trend that V los tends to slightly decrease as the line becomes stronger may be attributed to its depth-dependence (i.e., increasing with depth; cf. appendix 2), since the line-forming depth becomes progressively shallower with the line strength (cf. figure 7b) . [Vol. , Comparing the observed tendency of V los (figures 9a-d) with the predicted trends for both RTM and GM ( figure 4) , we can draw a clear conclusion: None of the V los (RTM) vs. θ relations matches the observed centerto-limb variation (gradual increase), since the characteristic peak at θ ∼ 45
• expected for the RTM case is lacking. Let us recall that a significantly large ζ RT value of ∼ 3-4 km s −1 was derived from the analysis of solar flux spectrum (cf. section 1), which is evidently larger than v th . Then, a prominent peak should be observed if the condition assumed by RTM is really realized in the solar surface. Given the absence of such a key trend, we can state that RTM is not a valid model for the solar atmospheric velocity field. In contrast, the V los (GM) vs. θ curve predicted for (η R , η T ) = (2 km s −1 , 3 km s −1 ) satisfactorily reproduces the observed relation, which may indicate that the classical GM is a more reasonable and better representation in this respect.
Analysis of high spatial-resolution spectra

Merit of studying well-resolved surface structures
In order to ascertain the consequence of subsection 4.4 from an alternative point of view, we further carried out a similar analysis but using spectra of high spatial resolution acquired by satellite observations. Unlike the case of low-resolution spatially-averaged spectra studied in section 4, we can not employ these highly-resolved data for direct comparison with predictions from the RTM model, because each spectrum reflects the gas motion of a local part smaller than the typical size of granules, to which the concept of RTM (meaningful only for spectra averaged over granular cells; cf. figure 2) is no more applicable. Instead, however, we can make use of such observational data of high spatial resolution to verify the fundamental assumption on which the RTM model is based, since the velocity distribution (amplitude, direction) within a cell can be directly studied; e.g., whether the vectors of turbulent motions are really coordinated in two orthogonal directions as assumed in RTM (cf. figure 2) . This would make a decisive touchstone.
Observational data of Hinode/SOT
Regarding the spectra used for this purpose, we adopted the data obtained by the Solar Optical Telescope (SOT; Tsuneta et al. 2008 ) aboard the Hinode 5 satellite (Kosugi et al. 2007 ). Since the Spectro-Polarimeter (SP; Lites et al. 2013) in Hinode/SOT provides full calibrated Stokes IQU V spectra of 6301-6303Å region (comprising two Fe i lines at 6301.498 and 6302.494Å), we could use unpolarized I spectra for our purpose. which are available as Level-1 data from the Hinode Data Center 6 or from the SolarSoft site 7 .
5
Hinode is a Japanese mission developed and launched by ISAS/JAXA, with NAOJ as domestic partner and NASA and STFC (UK) as international partners. It is operated by these agencies in co-operation with ESA and NSC (Norway). Figure 5b indicates the locations of these three regions, for which the numbers of the resulting spectra were 8191, 8266, and 8253, respectively.
Statistical properties of V los and v r
As done in subsection 4.3, we applied the spectrumfitting method (cf. section 3) to these spectra and successfully established the solutions of V los and v r , where only Fe i 6302.494 line (the slightly weaker one of the available two lines; also included in table 1) was used for this analysis, and the instrumental profile was assumed to be the Gaussian function with the e-folding half-width of 0.71 km s −1 corresponding to the spectrum resolving power of R ≃ 6302.5/0.025 ≃ 252000 (cf. figure 7 of Lites et al. 2013 ). The typical signal-to-noise ratio of these SOT spectra is around ∼ 100. Some selected examples of fitted theoretical and observed spectra are displayed in figure 10 . The histograms for the resulting V los and v r , V los vs. v r correlation, and the continuum brightness vs. v r relation, are graphically shown figure 11.
Although several notable trends are observed in figure 11 (e.g., blue-shift tendency of brighter points at the disk-center which should be due to rising hot bubbles), we here confine ourselves only to the main purpose of this study; i.e., checking the validity of RTM.
Let us focus on the disk-center results (θ ∼ 0 • ) shown in the top row of figure 12 . If the condition assumed in RTM is really existent in the solar surface (cf. figure 2) , observations of disk center (i.e., line-of-sight normal to the surface) with high spatial resolution should reveal almost comparable numbers of cases with turblentbroadened profiles (R) and those with unbroadened sharp profiles (T). Then, the following trends are expected: -The distribution function of V los would show an extraordinary feature (e.g., an appreciable hump at low V los ).
-Since cells of horizontal flow (T) show no radial velocity, an unusually prominent peak would exist in the distribution of v r at v r ∼ 0. -As a consequence, a considerable bias at (small V los , v r ∼ 0) would be observed in the V los vs. v r plot.
However, none of these features is observed in the diskcenter results in figure 11 , where we can confirm that V los as well as v r follow a statistically near-normal distribution without any such expected bias as mentioned above. These observational facts suggest that the velocity vectors of solar photospheric turbulence are not confined to only two (radial and tangential) directions but more chaotic with rather random orientations. Accordingly, we have reached a decision that the basic assumption of RTM does not represent the actual solar photosphere, which means that the RTM model does not correctly describe the spectral line-broadening of solar-type stars.
Concluding remark
We carried out an extensive spectroscopic investigation on the non-thermal velocity dispersion along the line-ofsight by analyzing spectral lines at various points of the solar disk, in order to check whether the RTM model (which has been widely used for line-profile studies of solar-type stars) adequately represents the actual solar photospheric velocity field. Applying the profile-fitting analysis to two sets of observational data: (spatiallyaveraged spectra from Hida/DST observations and very high spatial-resolution spectra from Hinode/SOT observations), we found the following results.
First, the center-to-limb variation of V los derived from low-resolution spectra turned out simply monotonic with a slightly increasing tendency. This apparently contradicts the characteristic trend (an appreciable peak at θ ∼ 45
• ) expected from the RTM model. Second, the distributions of V los and v r values derived from spectra of very high spatial resolution revealed to show a nearly normal distribution, without any sign of anomalous distribution predicted from the RTM model.
These observational facts suggest that the fundamental assumption of RTM is not compatible with the real atmospheric velocity field of the Sun, which can not be so simple (i.e, being confined only to radial and tangential directions) but should be directionally more chaotic. We thus conclude that RTM is not an adequate model at least for solar-type stars.
It is evident that RTM significantly overestimates the turbulent velocity dispersion in the solar photosphere, which should actually be ∼ 2 km s −1 (disk center) and ∼ 2.5 km s −1 (limb) as evidenced from the mean (or peak) value of V los derived from high-resolution data indicated in figure 11 (leftmost panels). Therefore, the fact that RTM yields ζ RT ∼ 3-4 km s −1 for the solar macroturbulence (cf. section 1) simply means that the width of RTM broadening function (M 1 ) is unreasonably too narrow. We therefore stress that, when using RTM for analyzing line profiles of solar-type stars, ζ RT should be regarded as nothing but a fudge parameter without any physical meaning. If it were carelessly associated with discussion of physical processes (e.g., in estimation of the turbulent energy budget or in comparison with the sonic velocity), erroneous results would come out.
On the other hand, the classical Gaussian macroturbulence model should be more reasonable and useful in this respect. Actually, our application of GM to the analysis of solar flux spectrum resulted in η ∼ 2 km s −1 (cf. figure 1b) . Likewise, the GM-based conversion formula [equation (A1)] lead to V rad ∼ 2 km s −1 (at log τ ∼ −1.5) and V tan ∼ 2.5 km s −1 (at log τ ∼ −2) as the non-thermal dispersion in radial and tangential direction (cf. figure 13 in appendix 2), which are in fairly good agreement with the directly evaluated results based on high-resolution observations mentioned above (note that the mean formation depth for Fe i 6302.494 line is log τ ∼ −1.5 for the disk center and log τ ∼ −2 for the limb; cf. figure 7b) . Accordingly, application of the simple GM would be more recommended, rather than the inadequate and complex RTM. (See appendix 3, where the trend of macroturbulence in FGK-type dwarfs is discussed in view of applying the GM model.)
Finally, some comments may be due on the future prospect in this field. Regarding the modeling of turbulent velocity field in the atmosphere of the Sun or solar-type stars, we have to mention the recent remarkable progress in the simulations of 3D time-dependent surface convection (see, e.g., Nordlund, Stein, & Asplund 2009 , and the references therein), which successfully reproduce the observed characteristics of spectral lines (e.g., Asplund et al. 2000; Pereira et al. 2013 , for the solar case) without any ad-hoc turbulent-velocity parameters (such as microand macro-turbulence in the classical case) and thus by far superior to the traditional modeling. However, given the enormous computational burden of calculating such elaborate 3D models, the simple micro/macro-turbulence model is expected to remain still in wide use for practical analysis of stellar spectra. Therefore, it would be very helpful if the behaviors of classical microturbulence as well as macroturbulence can be predicted or understood based on the realistic 3D simulations. For example, while main emphasis is placed on shift and asymmentry (bisector) of spectral lines in demonstrating the predictions of 3D models in comparison with observations, less attention seems to be paid to the "width" of spectral lines. Can the trend of apparent turbulent dispersion derived in this study (i.e., tangential component being slightly larger than the radial component, an increasing tendency with depth) be reproduced by such state-of-the-art 3D hydrodynamical models? Further contributions of theoreticians in this light would be awaited.
This work was partly carried out on the Solar Data Analysis System operated by the Astronomy Data Center in cooperation with the Hinode Science Center of the National Astronomical Observatory of Japan.
Appendix 1. Influence of microturbulence on the results
Regarding the classical microturbulence,
8 which is necessary to compute the theoretical intrinsic profile to be convolved with the macroscopic velocity distribution function, we adopted 0.5 km s −1 throughout this study in order to maintain consistency with Paper I. This is the value obtained by analyzing the profiles of 15 stronger lines (ξ = 0.51±0.15 km s −1 ; cf. subsection 5.1 in Paper I), which is in fairly good agreement with Gray's (1977) result of ξ = 0.5 ± 0.1 km s −1 based on the Fourier transform analysis of line profiles.
Meanwhile, the solar ξ values based on the conventional way using equivalent widths of spectral lines (i.e., by the requirement that the resulting abundances do not show any systematic dependence on the line strength) published in various literature tend to be ≃ 1 km s −1 (see, e.g., subsection 3.2 in Takeda 1994); i.e., somewhat larger than the profile-based value of 0.5 km s −1 we adopted. This discordance was already remarked in subsection 6.1 of Paper I and further discussed by Takeda et al. (1996;  cf. subsection 4.3 therein).
However, which solar microturbulence (high-scale or low-scale) to choose would not play any essential role in deriving the macroscopic velocity dispersions (V los , ζ RT , and η) mentioned in this study, since the former (∼ 0.5-1 km s −1 ) is quantitatively insignificant as compared to the combination of the latter ( > ∼ 1-2 km s −1 ) and the thermal velocity (∼ 1.3 km s −1 for the case of Fe) (note that each velocity dispersion contributes to the total Doppler velocity in the form of "(root-)square-sum").
In order to see whether this argument is justified, we carried out extra test calculations where all the analysis were redone by using ξ = 1.0 km s −1 instead of the fiducial value of 0.5 km s −1 . In figure 12 are compared the resulting values of V λ is < ∼ 100 mÅ), the macroscopic velocity dispersions tend to slightly decrease as a consequence of using larger ξ, which is reasonably understandable by considering the contribution of each velocity component to the total width as mentioned above. On the other hand, for the case of stronger lines ( > ∼ 100-150 mÅ), this tendency is inversed, and V 1.0 los , ζ 1.0 RT , and η 1.0 turn out larger than the corresponding ξ = 0.5 km s −1 results. This phenomenon is attributed to the effect of ξ on the degree of saturation. That is, since a line may get desaturated (or saturation may be retarded) by increasing ξ as known in the traditional curve-of-growth analysis, a line for a given equivalent width (e.g., 150 mÅ) is strongly saturated (i.e., boxed 8 This is by definition the microscopic turbulent velocity dispersion, the characteristic scale of which is assumed to be much smaller than the photon mean-free-path. As such, it is formally included into the Doppler width of line-opacity profile in parallel with the velocity of thermal motion.
shape with wider width at the core) for the ξ = 0.5 km s −1 case but not so for ξ = 1.0 km s −1 . In such circumstances, the former contributes larger broadening than the latter to the total line width, by which this trend (V In any event, figure 12 shows that the changes are only ± < ∼ 0.5 km s −1 for most cases (± < ∼ 10-20% may be a better estimation, since the amount of variation appears to be proportional to the absolute values). We may regard these differences as comparatively insignificant, though we should keep in mind that the effect of changing ξ is different for stronger saturated lines (those with > ∼ 100-150 mÅ forming around log τ ∼ -1.5 to ∼ −2) from that for other weaker lines.
Appendix 2. Nature of non-thermal velocity dispersion in the solar photosphere According to the conclusion of this paper, it is a good approximation to represent the non-thermal turbulent velocity field in the solar photosphere by an anisotropic Gaussian distribution with dispersions of V rad (radial direction) and V tan (tangential direction). Therefore, we can safely use the classical relation (see, e.g., section 3 in Gurtovenko 1975c and the references therein):
[note that V rad and V tan are equivalent to η R and η T in equation (4)]. Let us examine the quantitative characteristics of V rad and V tan by using the V los data derived in section 4 for many lines at various points on the solar disk.
We regard V los values near to the disk center at 1 ≥ cosθ > 0.95 (0 • ≤ θ < 17 • ) as practically equivalent to V rad , which are plotted against log τ in figure 13a (red symbols). Although the dispersion is rather large, we could draw a mean V rad (τ ) relation (with an extrapolation at log τ < ∼ −2) as depicted in the solid line connecting the points at (log τ , V rad ) = (−2.5, 1.6), (−2.0, 1.8), (−1.5, 2.0), (−0.5, 2.3), and (0.0, 1.9). Similarly, we assume those V los values near to the limb at 0.3 > cosθ (73
• < θ) almost equivalent to V tan , which are shown in figure 13b (blue symbols). In this case, however, the number of points at the important region of −1 < ∼ log τ < ∼ 0 is insufficient. Therefore, we added the data points by making use of the V los values (only for class-1 lines) observed at 0.3 < cosθ < 0.95 (17 • < θ < 73 • ), which were converted to V tan with the help of equation (A1) and the mean V rad (τ ) relation derived above, as plotted in green filled circles in figure 13b . Then, eye-inspecting the combined trend of these symbols, we derived the mean V tan (τ ) relation as depicted in the dashed line connecting (log τ , V tan ) = (−2.5, 2.3), (−2.0, 2.7), (−1.5, 2.9), (−1.0, 3.0). (−0.5, 2.9), and (0.0, 2.7).
Such derived mean relations of V rad (τ ) and V tan (τ ) are shown together and compared with the literature results in figures 13c and 13d, from which the following characteristics are summarized: -Roughly speaking, our results may be regarded as almost consistent with the relations derived by the previous studies in terms of the general trend and a quantitative agreement is seen. -Especially, we could confirm that V tan is systematically larger than V rad by ∼ 1 km s −1 , which was already reported in various literature. -However, our results are not necessarily compatible with the simple picture of monotonically increasing V rad and V tan with depth suggested by many of the previous investigations. According to our mean curves, the depth-increasing tendency of V rad and V tan manifestly seen at high layer (log τ ∼ −2) reaches the ceiling around log τ ∼ −1 (V tan ) or log τ ∼ −0.5 (V rad ), below which the velocity dispersion turns to slightly decrease with depth.
-Consequently, the relations we derived for V rad and V tan show not so much a systematically large sensitivity to depth as a rather weak depth-dependence with a broad maximum around log τ ∼ −1.
Appendix 3. Related topics regarding the macroturbulence of solar-type stars
We concluded in this paper that RTM is not good but the classical GM is more preferable as the macroturbulence model for solar-type dwarfs. In connection with this consequence, we briefly mention below (1) the practical procedure for application of GM, (2) the conversion between the two systems, and (3) the empirical relation for estimating the macroturbulence.
As an example of application of Gaussian macroturbulence, we refer to the work of Takeda and Tajitsu (2009) , who studied the properties of three solar twins. In their modeling, the total macrobroadening function, f M (v), was assumed to be the convolution of three Gaussian component functions
, where α is any of "ip" (instrumental profile), "rt" (rotation), and "mt" (macroturbulence); i.e.,
where v r+m is the "macroturbulence+rotation." They related these broadening parameters (v ip , v rt , and v mt ) to (resolving power R, v e sini, ζ RT ) as v ip ≃ (c/R)/(2 √ ln 2) (c is the speed of light), v rt ≃ 0.94v e sini, and v mt ≃ 0.42ζ RT . which are based on the requirement that FWHMs of the relevant broadening profile and the Gaussian profile should be the same. Here, the factor (0.42) for conversion between v mt and ζ RT was estimated from the pure radial-tangential and pure Gaussian profiles (i.e., no-rotation case of M 1 and M 2 in figures 1b and 1c), which was used to estimate v rt from the ζ RT results obtained in Paper I. However, this factor appears to somewhat depend on the additional broadening due to rotation. For example, the results of ζ RT and η (≡ v mt ) derived for the case of solar flux spectrum (v e sin i = 1.9 km s −1 ) presented in figure 1a , it is slightly larger as η/ζ RT ∼ 0.6. Therefore, it is not much meaningful to 9 See footnote 12 in subsection 4.2 of Takeda, Sato, and Murata (2008) for a more detailed description regarding the derivation of these conversion relations.
discuss the precise value of this ratio, for which we may only state as being around ∼ 0.5.
Several empirical relations of v mac (macroturbulence) expressed in terms of atmospheric parameters (e.g., T eff ) have been proposed by several authors; e.g., Gray (1984) , Valenti and Fischer (2005) , Bruntt et al. (2010) , and Doyle et al. (2014) . Several points should be remarked regarding their practical applications: -First, it should be clearly recognized on which macroturbulence model the relation in question is based. Among the four references mentioned above, only Bruntt et al. (2010) used GM, while RTM was employed in the other three. This must be the reason why only Bruntt et al.'s (2010) v mac values are appreciably lower than the others (cf. figure 4 of Doyle et al. 2014 ).
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-Second, if v mac values derived from the empirical relation are to be used for v e sini determination, it is desirable to use them unchanged as they are, while following the same line-broadening model as that adopted in the original literature. Easily assuming a simple scaling relation to convert it to other system is not recommendable, which may cause some unwanted errors. -Nevertheless, regarding the v mac vs. T eff relation derived from the lower envelope of macroturbulence plus rotational velocity distribution such as done by Valenti and Fischer (2005; cf. figure 3 therein) , 11 transformation by applying v mt ≃ 0.42ζ RT (derived from M 1 and M 2 for the no-rotation case as mentioned above) may not be a bad approximation, since the lower envelope corresponds to v e sin i = 0.
Bearing these points in mind, we also tried to examine how the macroturbulence (v mt ) in solar-type stars depends on T eff based on our own data. In figure 14 are plotted the v r+m values against T eff (symbols), which were determined from the spectrum-fitting analysis of 6080-6089Å region while assuming the simple Gaussian modeling for the line-broadening functions expressed by equation (A2). These results were originally derived by Takeda and Honda (2005; FGK- 
T 2 eff ,(A3) where v mt is in km s −1 and T eff is in K. For comparison, the empirical relations published by Gray (1984) , Valenti and Fischer (2005) , Bruntt et al. (2010) , and Doyle et al. (2014) are also depicted in this figure (dashed lines) , where only Bruntt et al.'s (2010) v mac curve is shown unchanged [Vol. , (because of the same GM as v mt ) while the v mac values of other three are tentatively multiplied by a factor of 0.42 (because they are based on RTM). Roughly speaking, our result is more or less favorably compared with other relations, as far as the lower temperature region (below the solar T eff ) is concerned. In particular, those of Valenti and Fischer (2005) and Bruntt et al. (2010) appear to show a reasonable consistency with our curve at T eff < ∼ 5800 K, Takeda, Y. 1994 , PASJ, 46, 53 Takeda, Y. 1995a , PASJ, 47, 287 Takeda, Y. 1995b Regarding the atomic data given here, the (air) wavelength and the lower excitation potential were adopted from Kurucz and Bell's (1995) compilation. The solar flux equivalent widths (W f λ ; corresponding to the spectrum of the Sun-as-a star) were taken from table 1 and table 2 of Paper I (mostly taken from Meylan et al. 1993) , based on which the line-strength class was assigned to each line (W Fig. 13 . The left two panels show the derivation of V rad and V tan (radial and tangential components of anisotropic Gaussian macroturbulence) based on the V los data derived from our analysis of Hida/DST spectra. (a): Results of V los (line-of-sight velocity dispersion) at 1 ≥ cos θ > 0.95 (0 • ≤ θ < 17 • ), which we regard as V rad , plotted against log τ , where the thick solid line (drawn by eye-judgement) represents the approximate mean trend. (b): The V los values at 0.3 > cos θ (73 • < θ), which we regard as V tan , are plotted against logτ . The light green symbols show the V tan results specially estimated from V los at 0.95 > cosθ > 0.3 (17 • < θ < 73 • ) by using equation (A1) and the already derived mean V rad (τ ) relation. The eye-judged trend of mean V tan (τ ) is also shown (thick dashed line). In these two panels (a) and (b), the data derived from the line-strength class 1, 2, and 3 (defined in table 1) are expressed in filled circles, open circles, and crosses, respectively. The right panels (c) and (d) summarize the various literature results regarding the depth-dependence of V rad and V tan , where the mean relations derived by ourselves are also overplotted by thick solid and thick dashed lines, respectively. Note that most of the literature data were read from Canfield and Beckers' (1976) figure 1 except for the data of Ayres (1977; open circles in panel (c) ) and Kostik (1982) . A77 · · · Ayres (1977); C71 · · · Canfield (1971); G75a · · · Gurtovenko (1975a); G75b · · · Gurtovenko (1975b); G75c · · · Gurtovenko (1975c); H67 · · · Holweger (1967); KG74 · · · Kondrashova and Gurtovenko (1974) ; K82 · · · Kostik (1982) . (A3), which fits the envelope of this v r+m distribution, is also depicted (solid line).
